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1. Introduction
Coccoliths from coccolithophorid microalgae possess a sophisticated
three-dimensional architecture while being monodisperse at the same
time [1–4]. This quality is derived from strictly controlled intracellular
biomineralization, which cannot be reproduced synthetically [5,6]. The
coccolithophorid species Emiliania huxleyi (Lohm.) Hay and Mohler
(Prymnesiophyceae) has been intensively studied for being the most
abundant calcite producing microorganism in the ocean [7,8]. Fixing
inorganic CO2 by photosynthesis and biomineralization contributes
significantly to global carbon cycling with 1–10% [9]. In nature, an
Emiliania huxleyi (E. huxleyi) cell is usually covered with a coccosphere
consisting of 10–15 coccoliths. Coccoliths are produced even when the
cells are not actively growing [10], with an approximate rate of
1–2 h−1 under optimum conditions [11]. Surprisingly, the biological
functions of coccoliths are still being debated [12,13].
Coccoliths exhibit various interesting characteristics. They are not
purely inorganic but possess organic molecules on the surface and em-
bedded in the coccolith material. These are the remains of the organic
matrix involved in biomineralization control [14–16]. Because of its
organic skeleton, coccoliths are more robust in calcium-free solution and
pure water compared to synthetic calcite particles [17]. Structural mi-
cropores and nanopores facilitate a large specific surface area of roughly
20m2 g−1 [4]. Coccoliths also exhibit exceptional optical features. Coc-
cosphere-covered cells show a transition of structural color under the
influence of a strong magnetic field [18]. The intensity of light scattering
from a coccolith suspension is also magnetically alterable [19].
These unique properties could be exploited for multiple applica-
tions. Coccoliths have found potential applications in paper manu-
facturing, colors and lacquers, heterogeneous catalysis, drug delivery,
composite materials, heavy metal binding, optical applications and
transplant materials [4,20,21]. Furthermore, it was already demon-
strated that coccoliths are feasible enzyme carriers [22].
Despite its robust potentials, coccoliths have surprisingly received
little attention and no ideas regarding their application have been
further pursued. One easy explanation is the lack of adequate material
quantities. While tons of calcite particles are easily produced from
grinding limestone or precipitation every day, non-fossil coccoliths are
hard to harvest from the ocean in sufficient amounts. This might not
seem obvious since E. huxleyi can cover large areas during blooms. The
actual cell concentrations are, however, rather low with approximately
103 cells mL−1 [7]. Thus, ocean water contains coccoliths in the milli-
grams per liter scale mixed with other unwanted phytoplankton.
Coccolithophorid mass cultivation, on the other hand, can poten-
tially provide large amounts of intact, single-variety coccoliths. A de-
sirable process should yield several g L−1 of coccoliths. This demands
cell concentrations that are roughly 10.000–100.000 times higher than
those present in the ocean. Unfortunately, there has been modest in-
terest in coccolithophorid mass cultivation and therefore limited
documented experience. Moheimani et al. cultivated several cocco-
lithophorid species in different closed photobioreactors (PBRs) in re-
peated batch-mode [23]. Although satisfactory growth rates of about
1.0 d−1 were achieved in some systems, rP,V was roughly
0.06 g L−1 d−1 [23]. Takano et al. investigated the cultivation of Emi-
liania huxleyi and Pleurochrysis carterae [24–27]. They were able to
harvest approximately 0.7 g L−1 of coccoliths from DIC- enriched batch-
cultures [26]. This is the highest coccolith concentration reported in
literature so far. Promising coccolith productivities of 0.27 g L−1 d−1
were achieved in nutrient enriched repeated-batch cultures [26]. In the
long term, it is no practical option to produce coccoliths in repeated-
batch mode and to concurrently replenish four substrates.
In this study, we developed a comprehensive cultivation strategy for
coccolith production in a batch-mode system. Strains of E. huxleyi can
express extensive genetic variations [28]. Process development must
therefore be approached from various angles and optimized for a spe-
cific strain.
1.1. Nutrient availability
E. huxleyi is commonly cultured in enriched natural seawaters or
artificial seawaters like ESAW (Enriched Seawater, Artificial Water)
[29]. Although it can be easily cultivated in the lab, it does not usually
grow beyond 1–5 106 cells mL−1 [30,31]. One obvious explanation is
the depletion of major substrates like phosphorous. Previous studies
involving E. huxleyi cultivation were carried out at cell concentrations
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well below 1 106 cells mL−1 in order to avoid mutual shading or by-
product formation. Since improving final cell concentration was not the
primary objective of most of the studies, alternative media with en-
hanced nutrient composition have yet to be developed.
In order to increase cell concentration by medium optimization, a
close look must be taken at all essential medium components, their
stoichiometric presence in the organism and their consumption over
time. Fig. 1 shows the theoretically possible concentration of E. huxleyi
cells in ESAW medium, as calculated from the elemental cell compo-
sition of the strain ASM1. Without any recipe alteration, the culture is
subject to phosphorous limitation at 1–5 106 cells mL−1. Phosphorous
and nitrogen are crucial not only for growth but also for calcification
[30–33]. ESAW already contains much more nitrogen and phosphorous
(550 μmol L−1 N and 21 μmol L−1 P) than natural seawater
(0–25 μmol L−1 N and 0–2 μmol L−1 P [34]). Adding further N- and P
sources seems like a suitable starting point. Takano et al. was able to
achieve an increase in cell concentration of E. huxleyi 92D to
2∙107 cells mL−1 by N- and P enrichment and addition of NaHCO3 as C-
source [26]. Unfortunately, there is still incomplete knowledge about
N- and P inhibition in E. huxleyi. It is therefore difficult to estimate to
what extent the initial substrate concentrations in the medium may be
raised. Another nutrient present in the cell in comparably large
amounts is Strontium (Sr). Taking cell stoichiometry into account, Sr
may be depleted, even if N- and P sources are still sufficiently present.
The role of Sr in E. huxleyi is poorly understood. It supports biominer-
alization [35] and is present in the coccolith material in different
amounts [4,36]. E. huxleyi only requires low concentrations of several
metals [37], such as Co and Mo, to grow beyond 108 cells mL−1. This
effect could be partly explained by the ability of the cells to replace
trace metals through certain metabolic functions [38]. To avoid growth
limitation due to substrate depletion, it is a logical step to adapt the
recipe of the culture medium. Limitation as well as substrate inhibition
and precipitation must be avoided at the same time. Substrates which
cannot be increased in the initial concentration must be replenished
before they are depleted, or better, supplied continuously by automated
feeding. This probably applies to calcium. Calcium is a potent in-
tracellular messenger and is known to inhibit growth and calcification
above 20mM [39]. For batch-processes, it is worth investigating novel
strategies for increased calcium supply without inhibition. Slow-release
substrates have already been tested in other fields of biotechnology
[40] and could also be established in coccolithophorid cultivation.
1.2. Carbon availability and carbonate chemistry
The uptake and utilization of carbon is probably the most in-
tensively studied topic within E. huxleyi research and has been sum-
marized in several comprehensive reviews [16,41–43]. For process
development, it is important to understand the requirements for calci-
fication and the feedback effects on the medium. E. huxleyi uses solely
HCO3− as DIC source for calcification and mainly CO2 for growth.
HCO3− is used under CO2 deplete conditions, although less efficiently
[44–47]. Therefore, cells constantly take up dissolved inorganic carbon
from the medium. The consumed carbon must be replaced or growth
and calcification come to a halt. One option for carbon replenishment is
to supply inorganic carbon directly by adding NaHCO3 [26]. Another
option is to bubble the culture with CO2. This method is easier to set up
and much more commonly used in lab cultivations. Bubbling with CO2
is especially elegant as it can be used to control pH in cultivations
where pH otherwise tends to rise. However, the situation is more dif-
ficult with coccolithophorid cultivation. Coccolith formation causes the
release of protons [48] resulting in pH drop during cultivation. Con-
sequently, less inorganic carbon remains in solution and ΩCaCO3 de-
creases to< 1 at a certain point [49]. Under this condition, the medium
is undersaturated and the equilibrium favors the dissolution of cocco-
liths instead of their formation [49–51]. This may lead to a different
quality of coccoliths within one batch or even malformations, especially
in the later stages of cultivation [52]. Instead, a carbonate system able
to maintain a constant carbon concentration even at high cell densities
and coccolith production rates is desirable. In a PBR, this can be
technically implemented by the simultaneous control of dissolved pCO2
and pH. While pH is maintained mainly by titration with NaOH, dis-
solved pCO2 is controlled by adjusting the concentration of CO2 in the
influent gas.
1.3. Light supply
Growth and calcification are both light-dependent processes
[53–55]. Studies performed over the last decades have investigated the
Fig. 1. Limitation model of Emiliania huxleyi maximum cell concentration in ESAW based on data from Ho et al. [80]. ⁎Cellular element concentration, normalized to cellular volume.
⁎⁎Limitation cell number for cultivation in ESAW medium based on the cellular concentration. Values derive from calculation with an average symplast radius of 2.25 ± 0.25 μm
(n=200) (see Supplement A).
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impact of light, irradiance and wavelength on E. huxleyi cultures
[54,56–58]. The individual reports, however, delivered divergent re-
sults. This may be due to differences in the pigment composition of the
investigated strains [59]. In addition, the different methods used to
measure and adjusting irradiance complicate any comparison. E. huxleyi
has previously been reported to display no signs of light inhibition at
full daylight [60]. For this reason, this alga has often been considered to
be extremely light-tolerant. We have, however, recently demonstrated
that E. huxleyi RCC1216 has a much narrower range of optimum photon
flux density between 100 and 500 μmolm−2 s−1 [61]. Growth was in-
hibited at higher irradiances, even after months of adaptation time.
These results underscore the species-specific nature of light de-
pendency. Optimal light conditions therefore have to be determined
individually for every strain.
1.4. Low-shear mixing and aeration
The mixing regime of a bioreactor is an important cultivation
parameter [62]. It is responsible for the homogeneous distribution of
nutrients, carbon, suspended cells and gas exchange. Langer et al.
proposed the correlation between unequal distribution of nutrients due
to inadequate mixing with the malformation of coccoliths [63]. At the
same time, there is a limit to the level of mixing that can be applied to
the microalgal culture. Stronger mixing increases hydrodynamic forces
and leads to shear stress. Aeration can also cause shear stress. Cell
damage during sparging is commonly associated with the break-up of
bubbles at the surface [64] and with the formation of bubbles at the
sparger [65]. E. huxleyi was indeed reported to be sensitive to bubble
aeration [23].
A successful strategy to produce significant amounts of coccoliths
must take into account all of the listed challenges associated with E.
huxleyi cultivation and address them within a single process. In this
study, we developed a lab-scale cultivation system capable of producing
several g L−1 of high-quality intact coccoliths. To achieve this primary
objective, we tailored the composition of the common cultivation
medium ESAW to support E. huxleyi specific growth requirements,
tested an alternative slow-release substrate for CaCl2 replenishment and
evaluated two different carbonate system working points. Finally we
transferred our lab-scale approach to a costum-built pilot bag photo-
bioreactor (cBPB), to lay the foundation for future large-scale produc-
tion of coccoliths.
2. Material and methods
2.1. Shake flask cultivations
Axenic cultures of Emiliania huxleyi RCC1216 (Roscoff Culture
Collection, France) were grown in 500mL conical flasks containing
200mL medium and incubated at 21 °C in a climate chamber. Light was
provided from the flask bottom by a panel containing warm-white LEDs
(Nichia NS67L183BT). Irradiance was adjusted by measurement of the
photon flux density on the shake flask bottom with a planar light Sensor
(Li-250, Li-Cor). Irradiance was set at 350 μmolm−2 s−1 in all experi-
ments. The panel with the culture flasks was agitated by an orbital
shaker (IKA KS501) at 100 rpm and a shaking diameter of 30mm. Pre-
cultures were cultivated under the same conditions as the main ex-
periments for at least seven days. Prior to inoculation of main cultures,
axenicity was checked by light microscopy and by sub-cultivation onto
agar plates, which supported the growth of both bacteria and fungi. All
media were sterilized for 21min at 2 bar and 121 °C in pressure-tight
laboratory bottles, to prevent outgassing of dissolved CO2. NaH2PO4,
NaNO3 and CaCl2 were added from sterile stock solutions after auto-
claving. Main cultures were inoculated with an initial cell concentration
of 104mL−1. All shake flask experiments were performed in biological
triplicates.
2.1.1. Replenishment of dissolved inorganic carbon and nutrients
Batch cultures were grown in enriched seawater, artificial water
(ESAW) medium [29], containing 1.34 g L−1 CaCl2·2H2O (366mg L−1
Ca2+), 46.7mg L−1 NaNO3 (34mg L−1 NO3−), 3.09 mg L−1
NaH2PO4·H2O (2.0mg L−1 PO43−), 21.8 mg L−1 SrCl2·6H2O
(7.0mg L−1 Sr2+) and 0.174 g L−1 NaHCO3. The medium composition
provided an initial total alkalinity (TA) of 2300 μmol kg−1. In DIC re-
plenished cultures, TA was used as a reference and was daily refilled to
a target value of 2000 μmol kg−1 by adding NaHCO3 stock solution
(4.2 g L−1/42 g L−1; 1 mol HCO3 equals 1mol TA [66]). In order to
prevent limitation, target values were raised to 4600 μmol kg−1 when
consumption rates exceeded 2000 μmol kg−1 d−1. The daily con-
centration of NO3−, PO43−and Ca2+was determined photometrically.
In substrate replenished cultures, sterile stock solutions of
NaH2PO4·H2O (0.63 g L−1/6.3 g L−1), NaNO3 (9.88 g L−1/
42.734 g L−1/362.65 g L1) and CaCl2·2H2O (500 g L−1) were used to
refill the single substrates according to Table 1.
2.1.2. Variation of initial substrate concentrations
Batch cultures were grown in ESAW medium with different initial
concentrations of NaH2PO4·H2O (2.0, 10.0, 20.0, 100.0 and
200.0 mg L−1 PO43−), NaNO3 (34.0, 170.0, 340.0, 1700.0 and
3400.0 mg L−1 NO3−), SrCl2·6H2O (7.0, 14.0, 35.0 and 70.0 mg L−1
Sr2+), and CaCl2·2H2O (66.0, 132.0, 330.0 and 660mg L−1 Ca2+).
2.1.3. CaCO3 as an alternative substrate to deliver carbon and Ca2+
Cultures were grown in ESAW medium containing 77.3 mg L−1
NaH2PO4·H2O (25-fold) and 545mg L−1 NaNO3 (25-fold). 1 g L−1
CaCO3 was added to the medium recipe replacing CaCl2.
2.2. Photobioreactor setup and experimental conditions
Cultivations were carried out in a 2-L stirred photobioreactor
(Bioengineering KLF 2000), operated with the software BioProCon (in-
house development). The reactor had a working volume of 1.6 L and
was equipped with two rushton turbines for culture homogenization.
Table 1
Scheme for substrate replenishment in parallel shake flask cultures. Cultivations were conducted in triplicates.
Culture (n=3) Daily refill Target concentration (ESAW)
Total alkalinity NO3− PO43− Ca2+
μmol kg−1 mg L−1 mg L−1 mg L−1
Control – – – – –
+HCO3− NaHCO3 2300/4600 – – –
+HCO3−, NO3− PO43− NaHCO3, NaNO3, NaH2PO4·H2O 2300/4600 34.0 2.0 –
+HCO3−, NO3− PO43−, Ca2+ NaHCO3, NaNO3, NaH2PO4 NaH2PO4·H2O, CaCl2·2H2O 2300/4600 34.0 2.0 366
+HCO3−, NO3−, PO43−,Ca2+ NaHCO3, NaNO3, NaH2PO4 NaH2PO4·H2O, CaCl2·2H2O 2300/4600 34.0 2.0 36.6
+HCO3−, NO3− PO40033−,Ca2+ NaHCO3, NaNO3, NaH2PO4 NaH2PO4·H2O, CaCl2·2H2O 2300/4600 34.0 2.0 732
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The cultures were stirred with 150 rpm at 21 °C. A customized cylind-
rical LED-cover with warm white LEDs (Nichia NS6L083AT, surface-
mounted) was used for illumination. In all cultivations, irradiance level
inside the culture vessel was set at 350 μmol m−2 s−1. Medium pH and
dissolved pCO2 were controlled by two separate systems. pH was
measured with an online probe (Hamilton, Polylite plus) and adjusted
by titration with 2M NaOH and 2M HCl. A pI-controller was used for
pCO2,const regulation. This included a pCO2 probe (Mettler Toledo
InPro5000i) for continuous online measurement of dissolved pCO2 and
mass flow controllers for defined air (MKS Instruments, 1179B) and
CO2 (MKS Instruments, M330) supply. Aeration was performed by
headspace gas flushing of air/CO2 mixtures with 0.05 vvm. Prior to all
experiments medium without NaH2PO4, NaNO3 and CaCl2 was ster-
ilized in-situ for 21min at 121 °C. These substrates were later added
after sterilization from sterile stock solutions. The medium was satu-
rated to target pCO2,const-setpoints before inoculation. Samples were
taken daily through a sampling port at the bottom of the reactor.
2.2.1. Low carbon scenario cultivations
Cells were grown at pCO2,const of 0.04–0.06% and pH 8.2 in ESAW
medium without alterations to its original recipe, resembling the ap-
proximate carbonate distribution in the ocean. A second cultivation was
conducted under identical conditions but with daily replenishment of
NO3−, PO43− and Ca2+ (34mg L−1 NO3−, 2.0 mg L−1 PO43−and
66mg L−1 Ca2+).
2.2.2. High carbon scenario cultivation
Cells were grown at a pH 8.0 and pCO2,initial of 1%. In this case, the
dissolved pCO2 was not controlled. Instead, the culture medium was
continuously aerated with air containing 1% CO2. This should allow the
carbonate system to drift during the cultivation. NO3−, PO43− and
Ca2+ concentrations were measured and replenished to their initial
values on a daily basis (34mg L−1 NO3−, 2.0 mg L−1 PO43−and
36.6 mg L−1Ca2+).
2.2.3. Cultivation in a controlled high‑carbon environment and use of a
modified medium
Cells were grown in modified ESAW medium (ESAW⁎, see
Supplement B), which contained a 25-fold initial NaNO3 (850mg L−1
NO3−) a 25-fold initial NaH2PO4 (50mg L−1 PO43−), a 5-fold SrCl
(35mg L−1 Sr2+) and a 5-fold initial trace elements concentration.
NO3−, PO43− and Ca2+ were daily measured and refilled before de-
pletion. As soon as the culture showed a reduction of cell concentration
at the end of the stationary phase, PFD was adjusted to
2000 μmol m−2 s−1 in order to terminate the cultivation.
A second cultivation was performed under the same conditions but
with 10-fold reduced Na2SiO3 ∗ 5H2O (0.97mg L−1 SiO44−) con-
centration.
2.3. Process transfer to a 20-L bag-photobioreactor
A custom-built bag-photobioreactor (cBPB) as described in
Supplement C was used for process transfer to a larger cultivation vo-
lume. Cells were grown in 10 L ESAW⁎ at 21 °C, 350 μmolm−2 s−1 ir-
radiation, pH 8 and pCO2,const of 1% (0.1 vvm, headspace aeration). The
culture was mixed at 60 ± 10 rpm. Concentrations of NO3− PO43−and
Ca2+ were measured daily and replenished by individual addition from
their respective stock solutions, when necessary.
2.4. Offline analytics
Cell concentration in the culture broth was determined by flow
cytometry (Guava EasyCyte 6-2L, Merck Millipore), with InCyte based
on the FSC/RED2 signal. Device calibration was used to ensure that
%CV for detection of particles per ml was<5%. Specific growth rates
were calculated by exponential regression over at least 4 data points
within the culture exp-phase (R2 > 0.98).
For the determination of coccolith concentration two different
techniques were used. Manual counting using a Neubauer chamber was
applied to shake flasks experiments and PBR samples with low esti-
mated coccolith concentrations (< 0.5 g L−1,). The analysis required
agglomerate-free solutions of coccoliths. In this regard, a 1.5ml sample
was pipetted into a micro reaction tube. The suspension was incubated
at 80 °C for at least 48 h to facilitate cell disruption. The coccolith
suspension was then diluted 10× with 5 g L−1 NaHCO3. 1ml of the
diluted suspension was transferred to a fresh micro reaction tube and
mixed with 6% NaOCl, shortly vortexed and incubated for 10min. The
mix was centrifuged for 6min at 4 °C and 1.100 ∗g (Hettich, Mikro
220R). 1 ml supernatant was subsequently removed and discarded. The
suspension was mixed with 1ml 0.5 g L−1 NaHCO3 and shortly vor-
texed. Centrifugation, supernatant removal and washing with 0.5g L−1
NaHCO3 solution was repeated 3–5 times until a homogeneous solution
without coccolith agglomerates was achieved. Coccolith concentration
was then determined by using a Neubauer chamber ((Axio Scope A1,
Infinity Analyze, Zeiss, 400× differential interference contrast) and
counting coccolith numbers in at least 10 small squares. Coccolith
concentration was then estimated according to Eq. (1). Average values
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To extrapolate mass concentration [g L−1], absolute numbers were
multiplied with specific coccolith weight, which was previously esti-
mated to be 2.6 ± 0.23 pg coccolith−1 (see Supplement D).
Coccolith concentration for dense samples (> 0.5 g L−1) was mea-
sured gravimetrically (triplicate determination). Empty 2ml micro re-
action tubes were dried (48 h, 80 °C), cooled in a desiccator and sub-
sequently weighed prior to sampling. Each tube was filled with 2ml
culture suspension and centrifuged for 10min at 4 °C and 9670 ∗g
(Hettich, Mikro 220R). Supernatant was discarded and pellet was sus-
pended with 1.5mL 0.5 g L−1 NaHCO3 solution and incubated for 24 h
at 80 °C. The following washing procedure was repeated 4–6 times until
no cell-debris or coccolith agglomerates were visible under the micro-
scope: centrifugation for 6min at 220 ∗g, removal of supernatant and
washing with 1.5 ml 0.5 g L−1 NaHCO3. The pellet was then centrifuged
one last time for 10min at 9670 ∗g (Hettich, Mikro 220R), the super-
natant was discarded and the pellet was dried at 80 °C for at least 48 h.
The pellet-containing tube was then cooled in a desiccator and weighed.
Coccolith mass concentration was then calculated from the weight
difference of the empty and the pellet-filled tube. Volumetric coccolith
productivity rP,V was estimated from coccolith concentration according










1 1 1 2
1 2 (2)
rP,V coccolith productivity per LcCoccoliths1 measured concentration of
coccoliths at t1cCoccoliths2 measured concentration of coccoliths at t2t1 –
t2 time difference between two measurement points (usually one day)
For some experiments, cellular productivity rP,C was roughly esti-
mated according to Eq. (3). From these individual data points, averages
and standard deviations were calculated.
= −
−








2 1 2 (3)
rP,C av. cellular productivitycCoccoliths1 measured concentration of
coccoliths at t1cCoccoliths2 measured concentration of coccoliths at
t2cCells2 measured concentration of cells at t2t1 – t2 time difference be-
tween two measurement points
For the measurement of TA and calculation of the carbonate system,
10mL culture filtrate (0.4 μm) was gran-titrated with 0.05M HCl (SI
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Analytics Titroline 7000). Due to the high sample volume, no mea-
surement replication was performed. Samples grown at atmospheric
pCO2 were not diluted. Samples equilibrated at higher pCO2 were di-
luted 1:10 with deionized water (R > 14MΩ). TA is linear to the
amount of protons necessary to neutralize the bases and can be calcu-
lated from titration data according to Dickson [67]. The calculation of
the carbonate system components (DIC, dHCO3−, dCO2, Ω) was per-
formed using CO2SYS [68]. Input values for the calculation were
measured pH (online pH for PBR experiments), TA, temperature, sali-
nity and phosphate concentration. Salinity was measured with a con-
ductivity- and salinity measuring cell (TetraCon 325, WTW). Dissocia-
tion constants for carbonic acid obtained by Mehrbach, Dickson and
Millero [69,70] were used for the calculation. Dissociation constants for
sulfuric acid were those obtained by Dickson [71].
The concentrations of NO3,− PO43−, and Ca2+ were determined by
using photometric assays (Spectroquant, Merck Millipore:
NO3,−:1.14941.0001/500 nm; PO43−:1.14848.0002/880 nm, Ca2+:
1.4815.0001/520 nm). The protocol from the manufacturer was ad-
justed for a 5-fold reduction in sample and chemical volumes. Samples
were filtered (0.4 μm) and diluted with ultrapure water when neces-
sary. Absorbance was determined in 1.5 mL polystyrene cuvettes. Due
to its high sample volume requirement, absorbance measurements was
performed without replicates. Substrate uptake rates rX were calculated
according to Eq. (4)
= −
−






1 1 1 2
1 2 (4)
rx cellular uptake rate of substrate XcX1 concentration of substrate X at
t1cX2 concentration of substrate X at t2ccells cell concentration at t2t1 –
t2 time difference between two measurement points (usually one day)
3. Results and discussion
3.1. Shake flask cultivations
Preliminary experiments were conducted to obtain first insights into
the impact of nutrient- and DIC availability on growth and coccolith
production. The data was the basis for the subsequent medium ad-
justment in the PBR experiments.
3.1.1. Nutrient replenishment experiments
Reference cultures grown in ESAW exhibited a short lag-phase of
1–2 days and thereupon grew exponentially with a specific growth rate
of 0.98 d−1 (see Table 2). Growth rate decelerated from day seven,
when PO43−was depleted (Fig. 2). The maximum cell concentration of
4.2∙106 cells mL−1 was achieved on day ten, simultaneously with the
depletion of NO3−. The cultures exihibited no stationary phase. Instead,
cell concentration dropped immediately after reaching peak value.
During the cultivation TA and pH rapidly decreased to minimum values
of 200 μmol kg−1 and 7.6, respectively (Fig. 3). Consequently, the
concentration of all dissolved inorganic carbon species dropped as well.
At day four after inoculation ΩCaCO3 was< 1, supporting unfavorable
conditions for CaCO3 precipitation and thus coccolith formation.
Therefore, average rP,V of 0.014 g L−1 d−1 and final concentrations of
0.12 g L−1 were expectably low. A rough estimate gave an average
cellular productivity of approximately 1 coccolith per hour, which is
approximately what can be expected under natural conditions. The
cultivation conditions adversely impacted coccolith morphology and
integrity. Coccoliths harvested at day six, when medium pH was< 7.6,
were incomplete and disintegrated (see Supplement E for ESEM pic-
tures).
The impact of constant dissolved inorganic carbon (DIC)- and N-, P-
and Ca availability was examined in combination with daily substrate
replenishment.
As shown in Table 2, replenishment of organic carbon (+HCO3−)
alone resulted in a 10%, increase of specific μmax to 1.09 and maximum
cell concentration to 6.1∙106mL−1. The course of substrate uptake was
also similar to the reference culture. Exponential growth stopped on
day seven after PO43−was exhausted. From day seven onward, growth
rate decelerated, on day eleven NO3− was depleted. Similar to the
control cultures (ESAW), no stationary phase was observed. In contrast
to the control, however, Ca2+ continuously decreased, and was used for
coccolith formation until it was completely depleted between day
eleven and day twelve. Coccoliths were produced with an average rP,V
of 0.09 g L−1 d−1 and a maximum concentration of 0.38 g L−1 was
harvested on day twelve. Although the calculated deviations are large,
an increase in average cellular coccolith productivity could also be
noted at about 2.9 ± 1.3 h−1. This clearly shows that the product in-
crease is due to a combination of higher cell concentration and in-
dividual cell productivity. The coccoliths harvested during the late
exponential growth phase (day six) were structurally intact and did not
exhibit any malformation. Regulating the carbonate system and pre-
venting it from drifting towards low pH therefore proved as a necessary
condition to increase coccolith productivity and quality.
However, it must be noted that after day seven, when PO43− was
depleted, no more coccoliths were produced. Replenishment of HCO3−
only mitigated the drop of pH over time so that it was constantly
maintained ≥8. TA and DIC minima dropped under 200 μmol kg−1.
This was especially severe between day six and day ten, when cell
concentration was at its highest values. From day seven, ΩCaCO3 was
temporarily< 1. This explains why no more coccoliths were produced
after day seven.
Cultures, which were replenished with inorganic carbon (+HCO3−)
and also PO43−and NO3− exhibited a 10% higher spec. μmax of 1.1 d−1
and a three-fold maximum cell concentration of 1.4∙107 mL−1. Under
these conditions, a stationary phase was again not achieved. A possible
explanation is the depletion of another substrate. In this regard the
limitation model (compare Fig. 1 in the introduction section) indicates
the depletion of Sr2+ or a trace element. Cells produced coccoliths with
an average rP,V of 0.12 ± 0.03 g L−1 d−1 yielding a maximum cocco-
lith concentration of 1 g L−1. This value exceeds the highest reported
coccolith concentration of 0.7 g L−1 previously obtained by Takano
et al. [26].
The additional replenishment of Ca2+ resulted in an increase in
average rp,V to 0.20 g L−1 d−1 and a 50% increase in final coccolith
concentration to 1.51 g L−1. As illustrated by Fig. 2, NO3−, PO43− and
Table 2
Growth and coccolith formation.
Culture (n=3) Spec. μmax ccells,max Final coccolith concentration rP,V rP,C
[d−1] [mL−1] [g L−1] [g L−1 d−1] [h−1]
ESAW (=control) 0.98 ± 0.01 4.2·106 ± 0.2·106 0.12 ± 0.01 0.014 ± 0.01 1.0 ± 0.3
+HCO3− 1.09 ± 0.08 6.1·106 ± 0.3·106 0.38 ± 0.05 0.09 ± 0.06 –
+HCO3−, NO3−, PO43− 1.11 ± 0.04 1.4·107 ± 0.08·107 0.99 ± 0.01 0.12 ± 0.03 2.9 ± 1.3
+HCO3−, NO3−, PO43−, Ca2+ 1.12 ± 0.07 1.7·107 ± 0.08·107 1.51 ± 0.04 0.20 ± 0.09 2.8 ± 0.5
+HCO3−, NO3−, PO43−, Ca2+(2×) 1.02 ± 0.01 1.28 ± 0.11 0.18 ± 0.1 –
+HCO3−, NO3−, PO43−, Ca2+(0.1×) 1.08 ± 0.06 1.4·107 ± 0.1·107 1.28 ± 0.10 0.18 ± 0.1 –
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Ca2+were continuously taken up and PO43− target values were raised
to prevent limitation during the 24 h intermission between sampling.
Interestingly, NO3−and PO43−were still taken up, though to a much
lesser extent, after day eleven. This means cells were taking up sub-
strates although their concentration was already decreasing. Adjust-
ment of Ca2+ target concentration (2-fold and 0.1-fold Ca2+) did not
have significant impact on growth. Instead both adjustments facilitated
a 10% decrease of average rP,V to 0.18 g L−1 d−1 and a 20% reduction
of final coccolith concentration to 1.28 g L−1.
The results demonstrate that ESAW in its present form is not opti-
mized for coccolithophorid mass cultivation and coccolith production.
Despite being based on another strain, the stoichiometric limitation
model shown in Fig. 1 agrees well with our observations. As predicted,
N and P sources were consecutively depleted. ESAW thus restricts cell
concentration to< 107mL−1. Replenishment of NO3−, PO43−, Ca2+
did increase cell concentration but only to a limited extent.
3.1.2. Experiments for optimizing initial substrate concentration
The next logical step was to adjust the medium by elevating the
initial concentrations of NO3−, PO43−, Ca2+and Sr2+ and trace ele-
ments without inducing growth inhibition. In this respect, cultivations
were carried out in ESAW containing different initial concentrations of
Fig. 2. Concentration profiles of NO3−, PO43− and Ca2+ in the different setups. Control batch culture in ESAW (left). Cultures replenished with DIC (NaHCO3) (middle). Cultures with
replenishment of HCO3−, NO3−, PO43− and Ca2+. Error bars derive from biological triplicate determination (%CV < 5%).
Fig. 3. Composition of the carbonate system of cultures grown in ESAW (left) and cultures daily replenished with DIC (NaHCO3). Error bars derive from biological triplicate de-
termination (%CV < 5%).
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NO3−, PO43−, Ca2+, Sr2+ and trace elements.
As evident from Table 3, raising initial NO3−, and PO43− con-
centrations (100- and 25-fold, respectively) did not affect spec. μmax.
This was also the case when both substrates were simultaneously ele-
vated. Initial Sr2+ concentrations up to 0.84mM (10-fold) and 5-fold
increase in trace element concentration also did not decrease growth
rate. As expected, a 2-fold increase in initial CaCl2 concentration al-
ready caused severe growth inhibition with μmax= 0.63 d−1 (−36%).
Based on this information, an adapted version of ESAW (ESAW⁎ see
Supplement B) was introduced which contained the 25-fold initial
concentrations of NaNO3 and NaH2PO4·H2O and 5-fold initial con-
centrations of Sr2+ and trace elements. CaCl2 concententration must
not be increased. Instead, it must be regularly replenished, or better,
continuously delivered by automated feeding.
3.1.3. CaCO3 as an alternative Ca2+ source
Because of the growth inhibition caused by dissolved Ca2+, CaCO3
was tested as a potential slow-release substrate. The idea was to use the
low solubility of CaCO3 (14mg/L) to support a low concentration of
dissolved Ca2+, but at the same time maintaining an automatic equi-
librium-driven replenishment. After medium preparation, solid,
random sized (up to 10 μm), amorphous CaCO3 particles were visible in
the medium. These precipitates absorbed most of the light and the
transmission at the beginning of the experiment was very low, between
0.5% (nm) and 1% (700 nm). The precipitates unfortunately prevented
the determination of cell concentration by flow cytometry as they can
clog the equipment's sensitive flow capillary. Manual counting was also
not possible because cells and precipitates overlapped and could not be
discriminated from each other. Due to the high CaCO3 concentration,
the photometric determination of Ca2+ could not be carried out at any
time of the experiment. However, it can be assumed that CaCO3 was
dissolved continuously as long as precipitates were visible. In this case,
the absolute amount of dissolved Ca2+ depended on the difference
between CaCO3 release rate and the Ca2+ uptake rate of the cells,
which is hard to estimate.
During the cultivation, a proliferation of cells over time could be
tracked qualitatively by microscopy. As the amount of precipitate
slowly decreased over time, the culture suspension changed its color
from white to green-yellow. This disappearance of CaCO3 precipitates
on day twelve made it possible to determine cell concentration
(6.3·106 ± 0.48·106 mL−1). The cell concentration subsequently de-
clined in the following days. Fig. 4 shows the composition of the car-
bonate system under these conditions. Total alkalinity in fresh medium
was initially 3500 μmol kg−1 and did not decrease> 500 μmol kg−1
during cultivation. DIC and HCO3− decreased gradually until day
twelve, but always remained above sea water concentrations
(1800–2400 μmol kg−1). This was probably due to the continuous dis-
solution of CaCO3 as secondary effect of calcification. Compared to
batch experiments containing CaCl2 as Ca2+ source, the carbonate
system remained exceptionally stable. Even though the presence of the
CaCO3 particles also made absolute coccolith quantification impossible,
an increase in coccolith concentration was observed throughout the
cultivation by microscopy. This suggests that it is possible to use solid
CaCO3 as Ca2+ substrate in principle. The stable carbonate system
could be an advantage when no active regulation of carbonate chem-
istry is necessary. Moreover, the initial medium turbidity derived by
CaCO3 particles could prevent cultures from light inhibition in outdoor
cultivations. Nevertheless, a lower CaCO3 concentration which causes
higher initial light transmission and supports faster growth should be
chosen.
Table 3
Growth of Emiliania huxleyi RCC1216 by varying single substrate and combination of phosphate and nitrate concentrations. All experiments were performed in biological triplicates.
NO3− μmax PO43− μmax NO3− PO43− μmax
[mg L−1] [h−1] [mg L−1] [h−1] [mg L−1] [mg L−1] [h−1]
34.0 0.98 ± 0.01 2.0 0.98 ± 0.01 34.0 2.0 0.98 ± 0.01
170.0 1.01 ± 0.01 10.0 0.97 ± 0.01 170.0 10.0 0.91 ± 0.07
340.0 1.03 ± 0.03 20.0 1.06 ± 0.01 340.0 20.0 0.97 ± 0.03
1700.0 0.99 ± 0.01 100.0 Decrease in cell concentration 1700.0 100.0 Decrease in cell concentration
3400.0 0.95 ± 0.02 200.0 Decrease in cell concentration 3400.0 200.0 Decrease in cell concentration
Ca2+ μmax Sr2+ μmax Trace element stock solution μmax
[mg L−1] [h−1] [mg L−1] [h−1] [ml/L] [h−1]
66.0 0.98 ± 0.01 7.0 0.98 ± 0.01 1 0.98 ± 0.01
132.0 0.63 ± 0.15 14.0 0.90 ± 0.02 5 0.98 ± 0.03
330.0 Decrease in cell concentration 35.0 0.92 ± 0.01
660.0 Decrease in cell concentration 70.0 0.77 ± 0.10
Fig. 4. Cell concentration and carbonate system chemistry in cultures with CaCO3 as
main Ca and DIC source.
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3.2. Experiments in photobioreactors under controlled conditions
The production of coccolith was further investigated in a 2-L stirred
tank photobioreactor (PBR). From the shake flask cultivations it became
clear, that manual addition of NaHCO3 offers an option to regulate the
carbonate system to some extent. However, this technique is laborious
and not suitable to provide a stable long-term carbonate system.
In the PBR, carbonate system was therefore adjusted by controlling
pH and pCO2 directly. Two fundamentally different carbonate system
setpoints were examined. The first setpoint (pH 8.2, dissolved
pCO2,const = 0.04–0.06%) supported a low carbon scenario, which is
closer to the conditions in the ocean or a shake flask [49]. The second
one (pH 8, dissolved pCO2,const = 1%) supported a high carbon scenario
delivering an excess supply of all carbon species, and a slight equili-
brium shift towards CO2.
3.2.1. Low carbon conditions (pCO2,const = 0,04–0,06%, pH=8.2)
In the first experiment, cells were cultured in ESAW and no sub-
strates were replenished. The growth profile clearly differed from that
of the equivalent shake flask experiment (compare Fig. 5). After a two
day lag phase, cells grew exponentially with a 40% lower specific μmax
of 0.62 d−1. On day eight, after reaching a maximum cell concentration
of 8∙105mL−1, the exponential growth phase was immediately followed
by a reduction in cell concentration. Setpoint values for low carbon
conditions, especially pH, were slightly overdriven in the first two days
of cultivation (Fig. 6). However, DIC and all corresponding carbonate
species were always available in sufficient amounts. From day two the
setpoint values for dissolved pCO2 and pH remained within their per-
mitted deviation (< 5%). Carbonate system was constant between day
two and day six (DIC=7500 μmol kg−1, HCO3−=7000 μmol kg−1,
CO2= 4–5 μmol kg−1). The concentration of DIC and HCO3− dropped
to approximately 5000 μmol kg−1 and 4800 μmol kg−1, respectively, by
day twelve. The concentration of CO2, however, remained constant
throughout the cultivation. Producing coccoliths in original ESAW,
analogous to the shake flask control cultures, resulted in expectably
limited success and only 0.22 g L−1 coccoliths were harvested.
When NO3−, PO43− and Ca2+ were replenished daily, cells grew
even slower with a specific μmax to 0.5 d−1. This was only 50% of
specific μmax observed in the analogous shake flask experiments and
approximately 40% of the μmax this strain is able to grow at best [61].
An explanation for this could be that Ca2+ availability channeled more
carbon into the formation of coccoliths under low carbon conditions. As
a result of slower growth, exponential growth phase was extended until
day 17, reaching a maximum cell concentration of 6.7∙105mL−1. Again,
cell concentration decreased immediately thereafter. The conditions
allowed an active culture to last almost a week longer than in the shake
flask cultures. Despite slower growth, the coccolith concentration was
drastically increased. Cells produced coccoliths throughout the culti-
vation with an average rP,V= 0.22 g L−1 d−1, resulting in a final con-
centration of ca 3.5 g L−1. This was twice the amount harvested from the
analogous shake flask experiment. However, average cellular pro-
ductivity rP,C was reduced compared to the corresponding shake flask
experiments. That means that the cells were individually less produc-
tive and this was compensated for the high final concentration with the
length of the production phase.
3.2.2. High carbon conditions
Further experiments were conducted in a 2-L PBR under high
carbon conditions (pCO2=1%, pH=8). In a first attempt, a culture
was replenished with NO3−, PO43− and Ca2+. The dissolved pCO2 was
not controlled, instead the culture liquid was constantly aerated with
1% CO2 (pCO2,inital = 1%). Cells grew exponentially from day two with
μmax= 0.75 d−1 until day nine, reaching a maximum cell concentration
of 3.1∙107mL−1 (Fig. 7). Cell concentration decreased immediately
after reaching this peak value. Coccoliths were produced with an
average rP of 0.14 g L−1 d−1. However, it was observed that the actual
rate slowed down over time and a final concentration of 0.94 g L−1 was
harvested on day eleven. Although growth performance was improved,
rP,V was comparably slow. The most obvious reason was the drifting
carbonate system. Since pCO2 was not controlled, it continuously de-
creased from the initial 1% to 0.15% on day nine. Consequently, the
carbonate system was not stable during the cultivation and the con-
centration of all carbonate system components dropped (Fig. 8). The
rate of DIC uptake by the growing and calcifying cells was logically
much faster than the CO2 transfer rate. Aeration with 1% CO2 was
therefore not suitable for the maintenance of a steady carbonate system
under process conditions. One reason is probably the slenderness ratio
of the used PBR, which was suboptimal for gas transfer through head-
space aeration. A better mass transfer supported by a greater area-to-
volume ratio and also higher flow rates can certainly mitigate this ef-
fect. However, aeration with CO2 and solely controlling pH can be a
compromise when no dissolved pCO2 control unit is available and the
focus is exclusively on coccolith production. An alternative could be to
use offline titration data and manually increase the concentration of
CO2 in the influent gas when necessary. In any case, studies on phy-
siological responses to carbonate chemistry should be conducted under
constant carbonate system control provided by simultaneous pH/dis-
solved pCO2 control or by continuous cultivation.
The difference between sole CO2 aeration and pCO2 control was
demonstrated in the following experiment. Additionally, modified
ESAW⁎ (see Supplement B) was used in this cultivation, which con-
tained higher initial concentrations of NO3−, PO43−, Ca2+, Sr2+ and
trace elements. To maintain a constant pCO2, the controller mixed in-
coming gas (air) with up to 5% CO2 to compensate DIC consumption
during cultivation. pCO2 and pH were constant within their allowed
deviation (± 5%). Cells grew exponentially from day two with specific
μmax= 0.71 d−1. Growth rate reduced during day nine and cell number
slightly fluctuated around 2.9∙107mL−1 for 12 days until day 21. At this
concentration, the medium was completely opaque white and glittering
(Fig. 9). This was the first time a culture of E. huxleyi exhibited a
Fig. 5. Cell– and coccolith concentrations of E. huxleyi
RCC1216 during cultivation in a 2-L stirred PBR under low
carbon conditions (pCO2= 0.04–0.06%, pH=8.2).
Coccolith concentration was determined in measurement
triplicates (%CV < 5%).
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Fig. 6. Online measurement of pH and pCO2 under low carbon conditions (pCO2,const = 0.04–0.06%, pH=8.2) (left) and resulting carbonate system chemistry (right).
Fig. 7. Cell- and coccolith concentrations of E. huxleyi
RCC1216 during cultivation in a 2-L stirred PBR and a
custom-build bag-photobioreactor (cBPB) under high
carbon conditions (pCO2= 1%, pH=8). Coccolith con-
centration was determined in measurement triplicates
(%CV < 5%).
Fig. 8. Online measurement of pH and pCO2 under high
carbon conditions) and resulting carbonate system chem-
istry. (Left) pCO2,initial = 1%, pH=8.2. (Right)
pCO2,const = 1%, pH=8.2.
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stationary phase at such a high cell concentration over a long period of
time. After day 21 the cell concentration decreased and the cultivation
was terminated by adjusting irradiance to 2000 μmolm−2 s−1. Inter-
estingly, cells rapidly degraded and no cells were counted after 72 h.
The irradiance which terminated the process resembles an average
sunny day in middle Europe. Although this could be challenging in
outdoor production, the observed effect could also be exploited for
coccolith separation or purification. Exposure to sunlight could for
example replace the energy-intensive heat induced cell disruption.
Coccoliths were produced during the entire cultivation with
rP,V= 0.27 g L−1 d−1 and 5.1 g L−1 were harvested on day 23. ESEM
Analysis showed that these coccoliths were homogeneous and intact
(see Supplement E). Despite these high final concentrations, the
average cell performance was drastically reduced
(rP,C= 0.2 ± 0.05 h−1). It seems that with increasing cell- and coc-
colith density, cellular productivity decreases. This also becomes evi-
dent when looking at the course of productivity over time (data not
shown). Cellular productivity decreased over time and became stable
on a comparably low level during stationary phase. This suggests that
the decline in productivity and also growth rate may have resulted from
poor light supply, which became stronger as the cell and product con-
centrations increased. It must be taken into account that titration with
NaOH supported an increase in salinity over time, which was ap-
proximately proportional to the amount of formed coccoliths. In the
case of producing 5.1 g L−1 coccoliths under high carbon conditions,
the salinity rose from approximately 30 ppt to 35 ppt. It is known that
salinity tolerance is limited in most phytoplankton and also in E. huxleyi
[72]. A third factor could be shear stress, which was introduced by the
stirring motion. However, in order to be able to make more precise
statements, further tests including more extensive sampling must be
carried out in the future. The high volumetric productivity, in this case,
clearly demonstrates how the number of cells can compensate for their
individual loss of productivity.
Although initial substrates for NO3− and PO43− were increased 25-
fold in ESAW⁎, replenishment of these substrates was necessary on day
twelve (PO43−) and day 20 (NO3− and PO43−). For both of these
substrates, uptake rates exponentially decreased during the exponential
phase of cultivation (first 5–7 days) and subsequently fluctuated around
1–5 pg cell−1 d−1 from day ten during linear- and stationary phase
(Fig. 10). This phenomenon was also observed in shake flask
cultivations (data not shown). This is probably due to storage of
phosphate and nitrogen during excess conditions, which is a common
phenomenon in green- and red microalgae [73–75]. Although similar
mechanisms are yet to be reported for E. huxleyi, there are modeling
studies indicating their existence [76]. An interesting approach could
be to feed limited amounts of PO43− and NO3−, supplying only enough
substrate for growth but prevent the formation of storage compounds.
This so-called microfeeding may allow to channel more energy into
growth and calcification and therefore further increase coccolith pro-
ductivity and final concentrations. Microfeeding would also be a sui-
table option to deliver Ca2+ without substrate inhibition. The most
reasonable solution is the adjustment of feeding rate to the cellular
Ca2+ uptake rates, which was comparably constant
(10 ± 2 pg cell d−1) during the cultivation.
Calcification is shown to be dependent on the availability of nu-
trients in the medium, since the process immediately stopped upon
PO43− depletion. The limitation model (Fig. 1) gave an excellent
prognosis about the order of substrate depletion. Increasing the con-
centration of Sr and trace elements in ESAW⁎ supported a long-term
stationary phase with actively coccolith producing cells. This resulted
in extraordinarily high coccolith concentrations> 5 g L−1. Un-
fortunately, there was no analytical method available to determine Sr
or trace metal concentration during the experiments. For further
medium optimization, Sr and trace metal uptake should be examined.
To summarize, it can be said that the choice of carbonate system set-
points did not influence coccolith productivity significantly. It was de-
monstrated that combined pH/dissolved pCO2 control was reliable in both
cases and facilitated to maintain all dissolved carbonate species in the same
absolute and relative concentration throughout the cultivation. Additionally
the coccoliths, which were harvested from cultivation under low and under
high carbon conditions did not exhibit any obvious differences (see
Supplement E). It is therefore comprehensible, that the absolute con-
centrations of dissolved CO2, HCO3− and CO32− and their ratio are not
even important for coccolith production, as long as there is enough HCO3−
and as long pH is not far under 8. These findings are in agreement with Bach
et al., who studied the impact of carbonate chemistry in dilute batch cul-
tures [45]. They found that neither growth nor calcification is sensitive to
low CO2 and low HCO3− as well to pH beyond a limited range, but not to
elevated CO2 and HCO3−. Our results suggest that this is also true for
coccolithophorid mass cultivation.
Fig. 9. Picture of the culture suspension during cultivation in a 2-L stirred PBR at pCO2,constant = 1%, ESAW⁎ (+NO3−, PO43− and Ca2+). (A) Yellow culture suspension during late
exponential phase (d6). (B) Culture at day 17. With increasing production of coccoliths the medium turned completely white and opaque. (C) Light Microscopy picture of culture
suspension at 5 g L−1 (d23) (400×, DIC, Zeiss Axio Scope A1). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.2.3. Reduction of silicon concentration
During evaluation of the experiments, we observed the formation of
magnesium silicate particles (data not shown). These were interfering
with particle analyzes and had to be removed from the coccolith sus-
pension with additional washing steps. Therefore, we reduced silicon
concentration in the medium (0.97mg L−1 SiO44− corresponds to a 90%
reduction) to minimize the precipitation of magnesium silicate. The re-
duction of Na2SiO3 ∗ 5H2O (ESAW⁎-Si) did not impede initial cell growth.
Cells grew exponentially with specific μmax of 0.74 d−1 and a maximum
cell concentration of 3.4∙107mL−1 was obtained on day nine. Although
coccoliths were produced with satisfactory production rates of rP,V of
0.28 g L−1 d−1 (compare Table 4 and Fig. 7), they were malformed and
brittle-looking (see Supplement E). Thus, when intact coccoliths are to be
produced, it is not recommended to reduce the silicon concentration
drastically. We previously demonstrated that Si is included in the coc-
colith material [4]. Previous studies have shown that Si- uptake in-
hibitors and Si depletion in late stages of cultivation do not adversely
affect E. huxleyi's growth and coccolith morphology [77]. This is in
contradiction to our results and could be explained by genetic differences
between the strains used. While Durak et al. used the Norwegian strain E.
huxleyi Ply-B92/11 in their study, our experiments were conducted with
a strain isolated from the Pacific Ocean. Strains of E. huxleyi can express
extensive genetic variation [28] and behave very differently, for example
expressing different pigment composition and morphotypes [78,79].
3.2.4. Process transfer to a 20-L customized bag-photobioreactor
Process conditions were finally transferred to a 20-L custom-made bag-
photobioreactor (cBPB) (see Supplement C). Cells were cultured for 18 days
in total. The exponential growth phase was shorter than in the stirred PBR
with μmax=0.62 d−1 for four days. Cells decreased their growth rate from
day five but continued growing to obtain a maximum cell concentration of
1.6·107mL−1. Coccoliths were produced with an average rP,V of
0.32 g L−1 d−1, which was the highest coccolith production rate in all
performed experiments and ever reported in literature. After termination of
the experiment, a maximum concentration of 3.8 g L−1 coccoliths was
harvested. ESEM analyzes showed that these coccoliths exhibited no mal-
formations (see Supplement E). This means, that process transfer delivered
almost 40 g of intact coccoliths in one batch for the first time.
Although all necessary nutrients were available in the beginning of
the cultivations in the PBR and the cBPB, maximum specific growth
rates were approximately 60–70% smaller in the stirred PBR and 55%
smaller in the cPBP than in shake flask cultivations. A shear-stress in-
duced decrease was probably a part of the explanation but certainly not
the key factor. The gentle waving-motion of the cBPB caused less shear
stress than the two rushton turbines in the stirred tank reactor. Still,
maximum specific growth rate was slower in the cBPB. A second factor
impeding growth rate was most likely light availability. All cultures
were illuminated with the same photon flux density of
350 μmolm−2 2−1, but every cultivation system had a different layer
thickness and therefore different illuminated area to volume ratio (see
Table 5). A/Vs were approximately 26% smaller in the stirred PBR and
57% smaller in the cBPB. This means, there were larger light-limited
zones in these systems, caused by coccolith light absorption and mutual
shading of the cells. Another important factor influencing statistical
light limitation is the trajectory of individual cells through the reactor.
Since the cBPB provided a more gentle mixing, it is conceivable for a
cell travelling through the culture medium to spend more time in light-
limited zones. This issue becomes more severe, when high concentra-
tions of coccoliths are present, which drastically reduce the light path.
Layer thickness and light availability should definitely be considered in
the optimization of reactor geometry.
4. Conclusion
In this article, we present the successful development of a batch
process suitable for the production of coccoliths in the g L−1 scale. The
basic pillars of this process were (1) a cultivation environment sup-
porting light supply and bubble-free homogenization and aeration (2) a
control of the carbonate system, which reliably enabled a pH≥ 8, and
the constant subsequent delivery of DIC, and (3) the constant supply
with PO43−, NO3−, Ca2+ and Sr2+ in non-inhibiting concentrations.
We hope to provide a starting point for further developments and to
increase the interest in coccolithophorid mass cultivation. In order to
face the increasing demand for coccoliths for application development,
Fig. 10. Measured concentrations of substrates NO3−,
PO43− and Ca2+ (left) and derived substrate uptake rates
(right) during cultivation of E. huxleyi RCC1216 in ESAW⁎
under high carbon conditions (pCO2= 1%, pH=8).
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the main challenge will be to transfer coccolith production to large-
scale systems and to find better alternatives that take into consideration
reactor geometry and process mode. Another important aspect will be
the automatization of substrate feeding, which will make it possible to
carry out the production of coccoliths with significantly less effort.
When these challenges are mastered, Emiliania huxleyi has a realistic
chance of joining the ranks of production organisms in the future.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.algal.2018.01.013.
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